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1T7=> (i) Crystal growth research centered around: {a) designing, constructing,
and writing the software for a computer controlled constant-diameter attachment
for our Czochralski crystal pullers; (b} a major experimental effort on the

growth of lead potassium niobate (PKN); Pb2KNb50y5, and lead bismuth niobate (PBN)
i PbBi5Nb20g and (c) a minor experimental effort gn the growth of lithium meta-
silicate, Li2S103; and bismuth molybdate, 812M005 The use of the constant-
diameter control equipment in the crystal growth of these materials resulted in
marked 1mprovements, but did not eliminate, the persistent cracking problem. For

PKN, a few Iarg {stals suitable for measurements were obtained, and a system-
atic approach to solving the complex growth problems is proposed. The PBN

crystal growth was less of a problem, and more than a dozen single crystal
samples suitable for property measurements were obtained. Single domain lithium
metagermanate seed crystals were used in attempts to grow single doma1n Tighium
metas1l1cate crystals. T T,

(i1) The dielectric constants i-3--and £33 "and the associated loss tanogents
of d-ber]init were measured at eleven frequencies from 102 to 109 Hz between [
-150 and 200‘% The temperature dependence of, P?T‘i”ﬂ*~h§3_and the relaxation
, . |behavior are similar to the results obtained earlier, but the abso]ute values are
' ~ 120 to 30 percent smaller than reported previously. C

The electrical resistivity of u—A1P04 was measured as a funct1on of tempera-
ture. On the basis of these results it is concluded that the bulk electrical
conductivity cannot account for any of the dielectric relaxation phenomena ob-
served earlier which should therefore beattributed to crystal imperfections and/on
inclusions.

h A dilatometric measurement of the piezoelectric stress constant dyp of

«-A1P04 by Uchino and Cross (1979) gives a value about 20 percent smaller than
the value previously obtained from ultrasonic measurements and almost three times
smaller than the x-ray value. This confirms our earlier prediction that the maxi-
mum electromechanical coupling factor of «-A1POg4 should be considerably larger
rthan that of «-Si0p, but the actual numerical value should be roughly 20 percent
smaller than previously predicted.
> (iii) The temperature dependence of the two shear modes propagating in [001]
has been measured from 10 to 315K for B14T130]2 A monotonical decrease of the
associated shear moduli has been found.y It is only after the remaining seven
elastic moduli will have been measured as a function of temperature that the
xisterice of temperature compensated directions for this material can be
scertained.
-~ (iv) Considerable effort was devoted to specimen preparation of lead bismuth
iobate which was hampered by the easy cleavage of this material perpendicular to
0012.; Property measurements were started. No hysteresis was found at R.T. in
the c-d\rection for an electric field up to 25 kV/cm, 1nd1cat1ng either a high
oercive\field or the absence of a spontaneous polarization in this direction. In
he a-direction hysteresis was observed which increased with increasing tempera-
ure. The dielectric constant in the a-direction increases by a factor of two
rom R.T. to 200°C, supporting earlier results which suggest a ferroelectric
Curie point at 560°C.

elocities of the three pure acoustic modes propagating in the c-direction
have been measured for unpoled PBN as a function of temperature. The results
show that the three electric constants c33, cgr and cgg have the usual negative
temperature coefficients.

'* The piezoelectric constant d33 of unpoled PBN was determined to be <10-12 C/N.
he v
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EVALUATION
Ihis i~ the Final Technical Report on contract F19628-79-C-0036.
i objective was to Tind new temperature compensated materials with

wloctrre coupling comparable to lithium niobate. Lead potassium niobate

rously been toukd to be temperature compensated with 17 times the

et s
e tree copling constant of quartz, but large crystal growth was
ek, The use of constant diameter control equipment in the
Cowl b Lead potassium niobate resulted in marked improvements, but did
roo st the persistent eracking problem.  This problem was discovered
tobe eees severe in lead bismath niobate. Measurements were initiated

Powards determining whether this casier-to-grow material is temperature
compensated,  This research was directed towards eliminating the power

constming, ovens presently required in signal processing systems.

C—Da,_m V. Conn

PAUL. H. CARR
Pro ject Engineer




1. Technical Summary and Proqgress Report

1.1 Technical Problem and Task Objectives

The objective of the work pursued under this contract is to
find new temperature compensated piezoelectric materials for use
in ultrasonic SAW sianal processing devices, with
electromechanical coupling factors comparable to those of LiMb03,
with low ultrasonic attenuation and zero temperature coefficient

of the delay time.

1.2 Methodological Approach

The research performed consists of:

(i) Identification of suitable new piezoelectric materials
on the basis of heuristic theoretical relations hetween
properties, composition and crystal structure.

{ii) Both exploratory and systematic crystal arowth studies
on a variety of materials which are expected to possess
temperature compensated crystalloaraphic directions and which had
been selected earlier on the basis of heuristic criteria (Rarsch
and Newnham, 1975; Barsch and Spear, 1977).

(iii) Measurement of the single crystal elastic,
thermoelastic, piezoelectric and dielectric properties of several

promising candidate materials for which suitable sinagle crystals

were obtained.

il &
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Based on the results obtained under (iii} the existence of
temperature compensated cuts for ultrasonic surface waves for the
materials studied and their suitability for SAW devices will be
investiaated by the scientific staff of the Rome Air Development

Center under supervision of the Contract Monitor, Dr. P. H. Carr.

1.3 Technical Results

1.3.1 1Identification of New Materials P

[t can be shown by means of a thermodynamic analysis that
the piezoelectric constants of ferroelectrics derived from
centric prototypes are proportional to the electrostriction
constants and the spontaneous polarization. Thus for systematic
attempts to find new materials with larager electromechanical
couplinag factors the microscopic parameters which determine these
properties must be well understood. Previous theoretical
treatments of electrostriction are inadequate even for such
simple solids as alkali halides. Therefore, under a different
contract* theoretical work is beina pursued in order to develop a
more adequate theory of electrostriction, to apply it to alkali
hatlides and to selected classes of piezoelectric and

ferroelectric materials. It is hoped that the results will

*Targeted Basic Studies of Ferroelectric and Ferroelastic
Materials for Piezoelectric Transducer Applications, ONR
Contract No. NODD14-78-C-0291.




provide heuristic quidelines for maximizing the electrostriction
constants and the piezoelectric constants for a given crystal
structure. In conjunction with earlier criteria for identifyina
temperature compensated materials (Barsch and Newnham, 1975) this
will hopefully lead to an updated version of our earlier list of
potentially temperature compensated materials (Barsch and
Newnham, 1975).

1.3.2 Crystal Growth

Crystal growth vresearch centered around: (a) designing,
constructing, and writing the software for a computer controlled
constant-diameter attachment for our Czochralski crystal pullers,
(b) a major experimental effort on the growth of lead potassium

niobate (PKN), prKNbSOIS’ and lead bismuth niobate (PBN),

PbBisz2oq, and (c) a minor experimental effort on the growth of

lithium metasilicate, Li25103, and bismuth molybdate, BizM006.

1.3.2.1 Constant-Diameter Control Equipment

In an attempt to reduce and hopefully eliminate the
persistant crackina in PKN and other oxide <crystal boules, an
automated constant-diameter control system making use of a ODEC
LSI-11 microcomputer was desiqgned and built for our Czochralski
crystal pullers. The system is based on the continuous weighing
of the <crucible at a constant pulling rate. The difference
between the rate of mass loss and a desired rate input into the
computer is translated into a temperature correction for the
furnace. The temperature of the furnace 1is the primary
experimental parameter which controls the diameter of the crystal
boule. The system works essentially as a proportional

controller.




The computer programs written for the system allow the

experiments to be run in any of three modes: {1) a manual
control mode, in which the eauipment computes and displays the
rate of mass loss from the crucible periodically, and outputs

a desired power level signal to the furnace power supply, (2) a
constant-diameter mode, in which the equipment calculates the
rate of mass loss, compares it to a desired constant rate, and
then translates this difference into a power correction to the
furnace, and (3) a programmed shape mode, in which the equipment
controls the initial necking down of the boule, 1its expansion,
the constant diameter reaion, and the final tapering of the
crystal before terminating growth. The equipment also controls
the cooling of the crystal to room temperature.

1.3.2.2 Lead Potassium Niobate (PKN)

The crystal arowth of PKM was continued in an attempt to
reduce the persistant cracking problem in the <c¢vrystal boules.
Growth with a precisely controlled platinum-wound resistance
furnace and various confiqurations of heat shielding was pursued,
but with 1limited success. The wuse of wultra-pure starting
materials resulted 1in more severe crackina, although the
quality of the cracked pieces was significantly improved. The
rapid cooling through the Curie temperature of PKN resulted in
fewer domains. However, the rapid coolina resulted in thermal
stresses which produced siqnificant cracking. Various

temperature aradients and cooling rates were tried, but again

produced Timited success in reducing the cracking problem.
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An attempt was made to qrow PKN crystals hydrothermally

below the Curie temperature, but the initial results were not
promisina, so this effort was dropped.

The most significant improvement in the <crackina problem
resulted when the constant-diameter control equipment was
completed and used with PKN. Althouagh the cracking persisted, a

3 samples were obtained, and the general quality of

few 5x5x5 mm
the crystals increased.

The cracking problem in PKN is obviously not dominated by
one type of experimental parameter, but is a complex combination
of factors related to temperature, composition, and boule size
and shape. Some of the interrelationships have been defined, and
a systematic proqgram for trying to optimize the crystal agrowth

parameters has been outlined.

1.3.2.3 Lead Bismuth Niobate {(PBN)

The Czochralski growth of PBN was initiated during this
contract. The primary problems encountered were: (1) significant
vaporization losses, (2) secondary nucleation durinag the
expansion of the neck region, (3) cracking of the crystal boules,
and (4) easy <cleavage in the crystal planes parallel to the
bismuth oxide layers in the structure.

The first problem was solved by inclosing the <crucible
region in a fused silica tube closed fairly tightly at both ends.
This Timited the condensation, and thus the rate of vaporization
losses to a tolerable level. The second problem of multiple
nucleation is directly related to the significantly slower growth
in the c-direction of the crystal, the direction perpendicular to

the bismuth oxide layers in the structure. After studying and
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defining this problem, we concluded that the only solution is to

use slow growth rates when expanding the neck region and to
carefully control the temperature.

The third and fourth problems are related in that most of
the cracking occurs altong the cleavage planes. The stresses
which cause the cracking are a result of thermal gradients and
the multiple nucleation (and accompanying mismatch of the single
crystal qrains)., The wuse of the constant-diameter control
equipment has largely reduced the cracking from thermal stresses.

Although most PBM crystal boules are cracked and/or contain
more than one sinale crystal domain, more than a dozen high-
quality sinale crystal samples with sizes areater than 5x5x5 mm3

have been obtained from these experiments.,

1.3.2.4 Lithium Metasilicate and Bismuth Molybdate

Crystals of lithium metasilicate grown previously contained
180° twins which could not be removed by poling. In an attempt
to grow twin- free crystals, single domain lithium metagermanate
sinqle crystal seeds were used. The two materials are
isostructural, and their lattice dimensions are similar, so the
prospects looked good. The most siagnificant problem has been the
lower melting temperatures of the aqermanate and germanate-
silicate solid solutions. Starting the growth of the silicate on
the germanate at a slow enouah rate for topotaxial growth, and

yet fast enough to avoid meltina the seed is a problem that s

still being examined.

]




Crystal growth studies on bismuth molybdate were beoun as a
part of a senior thesis project 1in Ceramic Science and
Engineering at no cost to the present contract. However, the
impetus for this project was the promising results we obtained on
a previous contract (Barsch and Spear, 1977). These studies have
just begun, but it is anticipated that the constant-diameter
control equipment will greatly reduce the previous cracking

problems which were encountered with this material.

1.3.3 Physical Property Measurements and Suitability for
Temperature Compensated SAW Devices

1.3.3.1 o-Berlinite

Some differences among crystals grown at different
laboratories are found in the loss tangent, but they should (via
the temperature coefficients of the dielectric constants €11 and
e33) have only a relatively small influence on the temperature
compensated directions and the maximum attainable
electromechanical coupling factor.

The value of diq for a-berlinite measured dilatometrically
by Uchino and Cross (1979) on the same crystal as used for the
ultrasonic measurements qgives a value about 20 percent smaller
than the value deduced from the wultrasonic data. Thus the
maximum electromechanical coupling factor k of a-berlinite for
bulk waves should only be roughly two times larger than for a-
quartz and not, as previously predicted, 2.5 times {(Chang and
Barsch, 1976) or 4.5 times (Barsch and Spear, 1979).

In conjunction with the ultrasonically determined value for

dll’ the dilatometric results of Uchino and Cross for dll
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svuqagest that the x-ray values of d11 and d14 are subject to a

large systematic error.

1.3.3.7 Bismuth Titanate and Lead Bismuth Niobhate

The suitability of bismuth titanate as a substrate for
temperature compensated SAW devies cannot yet be decided on the
basis of the available ultrasonic data pertaining to only two
shear modes.

The availability of sufficiently large single <crystals of
PBN made it possible to start the investigations and measurements
of the propertis of this promising material, The assessment of
the suitability of this material as a substrate for temperature

compensated SAW devices must await the completion of these

studies.

1.4 DOD Implications

Present and future engineerinqg applications of SAW devices
include military (and civilian) communications and Radar systems,
such as multichannel communications, sAcure anti-jam
communication for satellites, miniature avionics and
electromagnetic counter measures. The main performance limitinag
factor of current SAW devices is that it has not been possible to
simultaneously achieve broad bandwidth which 1increases with

increasing electromechanical coupling factor, and small
temperature coefficient of time detay. For applications where

temperature compensated performance is essential, as in SAW code

correiators and in circulating store devies, auartz has been used

as a substrate material, which has a relatively small bandwidth.

— e




For tvo of the materials investigated under the present

contract one may expect the existence of temperature compensated

cuts for bulk and surface waves, with substantially 1larger

electromechanical coupling, and bandwidth than for a-quartz. For

one of the materials investiqated, berlinite, temperature

compensated cuts with electromechanical couplina factors for bulk j

| waves two times larger than for quartz may exist. The second

material, lead potassium niobate, could be still better. Thus by

{

i replacing quartz as a substrate material in suface acoustic wave
{SAW) devices with one of these materials insertion losses can be 'i
reduced and the operating frequency and/or bandwidth can be ;{

increased. In this manner the efficiency, reliability and

Y

capability of military communications and Radar systems utilizing

ke SR

SAW siagnal processina devices can be significantly improved.

1.5 Implications for Further Research

It has been demonstrated that the search for new temperature {
compensated materials with properties superior to those of o- .
quartz through the approach used under the present contract can 1

be successful. One may therefore hope that a continued

systematic search for new temperature compensated materials under

a future contract could 1lead to the discovery of even more

suitable materials. To this end continued crystal growth efforts

are required to obtain suitable (single domain) single crystals

for the physical measurements which are necessary to assess the

use of a aqiven material for SAW device applications. !




1.6 Special Comments

No special comments are offered at this time.

2. Crystal Growth Results

The crystal growth efforts pursued under the present
contract included both equipment development and crystal arowth
experiments on four different chemical systems. The equipment
development was the design and building of a computer-controlled
constant diameter system for our Czochralski crystal puller. The
four different crystal systems which were experimentally examined
were lead potassium niocbate (PKN), pszNb5015; lead bismuth
niobate (PBN), PbBiszzog; 1ithium metasilicate, Li25103; and
bismuth molybdate, RizMoO6.

The objective was to explore, develop and apply feasible
methods for the arowth of high-quality sinqgle crystals
sufficiently 1larqge for the physical property measurements. The
approach and the results are described below.

2.1 Constant-Diameter Control Equipment

In an attempt to reduce and hopefully eliminate the
persistent cracking problem accompanying the crystal growth of
lead potassium niobate and other oxide crystals, an automated
constant diameter control system was designed and built for our
Czochralski crystal pullers. A brief description of the system
and the principles behind its operation are qiven below.

The constant diameter control system employs the method of

continuous <crucible weighina at a constant pulling rate. The

10
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rate of loss calculated from the crystal density, pulling rate,
and desired diameter. Any difference between these two values is
translated into a temperature correction for the furnace, which
is essentially the same as a correction in the crystal diameter.

The equipment consists of: (i) a Digital Equipment Corp.
LSI-11 microcomputer, (ii) a Heath-video terminal and paper tape
reader and punch, (iii) a digital-to-analog converter and
operational amplifier, and (iv) an Arbor 3006 top-loading
electronic balance. A photograph of the completed system is
shown in Figure 1,

The LSI-11 computer reads the balance through a custom
designed and built interface board. These digital balance
readings are time-averaged by the appropriate computer programs,
temperature corrections are calculated (in terms of power
settings for the furnace), and then this digita)l signal is
converted to an analog signal which is amplified and passed on to
the furnace controller. The system works essentially as a
proportional controller. The advantage of the digital design, in
comparison with an analog design, is its flexibility. A1l input
parameters can be readily adjusted during an experiment, and
special correction terms can be easily incorporated into the
computer program.

The computer programs used for this system were designed on
this contract and are writtin in BASIC, although FORTRAN could
also have been used. The program currently being used allows an
experiment to be performed in any of three modes: manual,
constant diameter, and programmed shape. In the manual mode, the

system performs two functions: (1) outputting the desired power

1




Figure 1.

Automatic Diameter Control Crystal Growth Equipment

Instrument rack <contains on the top shelf the CRT
computer terminal (left) and the paper  tape
punch/reader (right), on the middle shelf the
digital/analog converter and operational amplifier
(1eft) and the LSI-11 micro-computer (right), and on
the bottom shelf the digital AD Little induction
furnace and the electronic balance (to the right) are

visible,




Tevel to the generator, and (2) computing the rate of weight loss
in mg/min every two minutes.

In the constant diameter mode, the computer periodically
calculates an average rate of weight loss, compares this with the
constant desired value, <calculates a power correction, and then
applies this correction.

In the programmed shape mode, the system performs the same
function as in the <constant diameter mode in addition to
calculating a change in the rate of weight loss as a function of
time so that a desired crystal shape can be grown. The growth is
automatically controlled from the initial necking down of the
polycrystalline boule, to the expansion and constant diameter
stage, to the final tapering down of the <c¢rystal before the
termination of growth. After the crystal is separated from the
melt, the computer controlled system also controls the cooling as

a function of time.

2.2 Lead Potassium Niobate (PKN)

The crystal growth studies on PKN, PbZKNbSOIS, bequn under
previous contracts (Barsch and Spear, 1977, 1979) were continued
in an attempt to drastically reduce the cracking problem in the
crystal boules.

Since a number of our previously gqrown PKN crystals
contained appreciable amounts of impurities, gqrowth was attempted
with high purity starting materials and maximum care to avoid
contamination during the preparation of the reacted starting

powders. Mixina was performed in plastic ball mills with teflon

rollers, and sintering was carried out 1in covered platinum

13
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crucibles. The ceramic heat shields in the growth furnace were
covered with platinum foil to avoid contamination by 1loose %
alumina particles. This foil changed the thermal characteristics i
of the systems so that several experiments had to be performed f
before decent <crystal boules could be grown. The resulting i.
crystals obtained were pale yellow and very transparent, and the ;E
) quality of the crystals markedly improved. However, the cracking ]

problem persisted, and in fact became worse with the pure

starting materials. It was quite obvious that these «crystals
were very hiahly strained.

A number of experiments indicated that coolina at relatively
rapid rates diminished cracking of the crystals because of the
formation of much smaller domains which could withstand the
induced stress much better than the intermediate size domains.
However, if the crystals are rapidly cooled, there is usually
sufficiently large thermal stresses to crack them, To qget around
this conflict, an attempt was mace to cool through the ‘i
ferroelastic phase transition at an extremely slow rate so that {
one, or a very few, larae domains would be produced and thermal 1
equilibrium would also be approached at all temperatures. A

voltage stabilizer was included in the furnace power supply, and ,

'
the temperature was lowered manually through the transition to
avoid temperature fluctuations. The coolina rate was
approximately 1/2°/hr. However, the crystal obtained in this

experiment was also severely cracked, 'y

An attempt was made to qrow PKN crystals hydrothermally at

A00°C. This temperature is below the transition temperature, so




N

cracking caused by the induced stress from the transition would
be avoided. A silver-lined autoclave was wused for the
experiment, with pure water for the solvent. The source material
was a sintered pellet of PKN which was placed in the bottom of
the vessel. Seed crystals were cut from Czochralski qrown boules
in the form of thin plates with a- or c-planes as faces. These
seeds were suspended by a fine platinum wire in the top of the
vessel. The autoclave was then pressurized to 10,000 psi and
heated to 400°C for ten days. The temperature at the top of the
pressure vessel where the seed crystals were located was 360°C.
No measurable growth of the seeds was observed at the end of the
experiment, and the crystals and source pellet both had a black
layer formed on the surface due to the partial reduction of the
lead oxide. Because of these negative results, no further
hydrothermal crystal growth experiments on PKN were performed.

Toward the latter part of the present contract period, the
constant diameter control equipment was completed and could be
used with the growth of PKN. It was hoped that a crystal boule
with a constant diameter would contain more uniform thermal
gradients during growth and subsequent cooling, and would thus
have less tendency for cracking. Several boules were grown with
the use of this equipment, both in the constant diameter mode and
the controlled shape mode (see previous section). Cracking was
reduced, but not eliminated. The general quality of the crystals
increased, and a number of crack-free single-crystal reqgions of
approximately 5x5x5 mm3 were obtained. The lack of time
precluded pursuing further research on PKN.

The above results help confirm the conclusion that the

15




crackinag problem 1in PKN crystals is a complex combination of
several factors. The most important factors appear to be (i) the
magnitude and uniformity of thermal gradients during arowth and
cooling cycles, (ii) the number and size of the domains produced
at the ferroelastic transition, and (iii) the composition of the
crystal. The factors related to thermal gradients and domains
are strongly dependent on the physical size and shape (and
uniformity of shape) of the crystal, and the thermal gradients
and cooling rates of the furnace during an experiment. Although
the composition appears to play a role in the cracking problem,
the exact nature of this role is not clear. The fact that the
more impure crystals were cracked less than those grown with high
purity chemicals is probably related to the enhanced nucleation
of domains at sites of imperfections. Crystals with a 1large
number of small domains are highly strained, but contain fewer
cracks, and the large numbers of domains may he a result of high
coolina rates, non-uniform c¢rystal shapes, and/or chemical
impurities and physical imperfections.

Sorting out the complex nature of the cracking problem in
PKN will require a concentrated effort on the crystal growth of
this material. The wuse of equipment to strictly control the
shape of the crystal is an absolute necessity. This problem
factor can then be eliminated. Fixina the thermal parameters of
the furnace, and then studyina the effects of stoichiometry,
impurities, and physical defects on the arowth should provide the
needed 1insight into the effects of these 1latter parameters.

Next, fixing the <chemical and structural parameters at the
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optimum values and then studyina the effects of thermal
parameters in a systematic fashion should help to determine
general guidelines for the growth of crack-free crystals. The
next step would be to fix both the <chemical and structural
parameters and the thermal parameters at their optimum
conditions, and then to study the effects of crystal size, shape,
and uniformity of shape on the cracking. This would complete the
first cycle of the study. The cycle should then be repeated in
order to approach an optimum set of parameters for the arowth of
high- quatity, crack- free crystals of PKN. The complex
interrelationships of the various parameters as they relate to
the cracking of PKN crystals makes solving this problem by a less

systematic method virtually impossible.

2.3 Lead Bismuth Niobate (PBN)

The crystal growth of PbBiszZOq (PBN) by means of the
Czochralski pulling method was initiated during this contract.
No previous vreport of the crystal qrowth of this compound was
found in the literature.

The compound in the form of powdered startina material for
the crystal growth was synthesized by prereacting its constituent
powdered oxides using standard high temperature sinterina
techniques. It contained 5 wt % excess of Pbh0 and Bi203 to
compensate for the appreciable volatility of these two components
ét the crystal growth temperatures. Also bhecause of this
vdlatility problem, a 1long fused silica tube, fairly tiahtly
closed at both top and bottom, was used to house the crucible in

the cold-walled chamber enclosing the rf-heating reqion.

17
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During the initial growth runs, crystals were nucleated on a ‘
platinum wire, and then necked down in an attempt to obtain a

single crystal seed. As expected, the fast growth direction was

parallel to the bismuth oxide layers in the structure, which are
perpendicular to the c-axis. In subsequent experiments, the
seeds were oriented so that the fast growth direction and the i
crystal pulling direction were coincident. Typical pulling rates .
were 4-6 mm/hr at a rotation rate of 15 rpm.

Crystal boules of PBN are yellow and transparent,. In
comparison to lead potassium niobate (PKN), the cracking problem 1
in the boules is slight. However, the PBN crystals cleave very
easily in the c-planes (the planes parallel to the bismuth oxide
layers 1in the structure). This has been a major problem in
preparing crystals for property measurements.

Crystals of PBN are quite sensitive to growth instabilities,
as was evidenced by the observed growth defects in ¢crystals grown
while the crystal puliling mechanism was not operating properly
(the stight "hitch" in the pulling rate was not observable to the 1
eye). Fiqure 2 shows a thin section of such a crystal which was
examined under an optical microscope. The equally spaced defects
are about 8um apart, and are perpendicular to the growth
direction, |

A major crystal qgrowth problem 1in the PBN system s
inhibitino the nucleation of new crystals when expandina the

crystal in the c-direction, the slow growth direction

perpendicular to the bismuth oxide layers in the structure.

While expanding the crystal diameter from the neck, the sliahtest

18
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Fiqgure 2

Lamella- type defects in a thin section of lead bismuth niobate as
viewed with an optical microscope. Growth rate was 6 mm/hr at 15
rpm. The arrow indicates 200 um in the growth direction.

19
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temperature instability can cause nucleation of new crystals.
Once nucleated, the additional crystals tend to grow the full

lenath of the boule. Figure 3 shows a typical secondary crystal

————————— ™ -,__._,J

originating at the base of the neck and propagating into the bulk

7 of the crystal. This crystal was grown before the automatic

constant diameter equipment was completed.
A large number of PBN crystals were qrown with the use of

the automatic constant diameter equipment. The first ones were

grown using only the constant diameter more, but later crystals

were arown completely under the control of this equipment: the

-
[P UV P

initial growth, the necking down and expansion, the constant
diameter region, and the tapering of the growth at the end of the ;
run, Multiple nucleation during the neck expansion and cleavage »
parallel to the growth direction were problems, but more than a ‘g
dozen single crystal samples greater than 5x5x5 mm3 are now -
available for characterization, poling, and property

measurements. A typical crystal boule is shown in the photograph

given in Figure 4.

2.4 Lithium Metasilicate and Bismuth Molybdate

Extensive <crystal growth studies on 1ithium metasilicate

were reported previously by Barsch and Spear (1979). These ?
studies indicated the as-grown crystals of L125103 contained 180° 3
twins, In an attempt to grow untwinned crystals, experiments i
were performed in which lithium metagermanate (Li26e03) single

domain crystals were used as seeds. The two compounds are

isostructural and possess similar lattice dimensions, so it was
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Figure 3. Boule of Lead Bismuth Niobate
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Fiqure 4

Typical PBN (Lead Bismuth Niobate) Crystal Grown
with Constant-Diameter Control Eaquipment
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expected that topotaxial nucleation of the silicate on the
germanate would occur quite readily.

A few crystal growth experiments were performed to test the
above ideas, but success was limited. A typical boule is shown
in Figure 5 along with the germanate seed crystal containing two
slits for wiring the seed onto the pulling rod. The 1initial
growth on the seed and the expansion of the boule were performed
manually, but the constant diameter region was controlled
automatically. The initial growth on the germanate seed is quite
tricky since the germanate and germanate-silicate solutions have
lower melting temperatures than the silicate. Once the silicate
is nucleated and has started to grow, diffusion of the germanate
toward the melt-crystal interface is slow enough that this
interface is maintained at the melting point of the silicate.

The 1low density of the lithium metasilicate (2.52 gm/cc)
results in mass changes per growth length of the boule which are
very close to the sensitivity of our constant diameter control
equipment. At the small diameters of the boule near the seed
crystal, the equipment cannot be used to automatically expand the
diameter.

The germanate seed - silicate boule interface region 1is
still being examined to determine if this approach to growing
twin- free 1ithium metasilicate is worth pursuing.

Crystal growth experiments on bismuth molybdate (BiZMoOG)
were begun as a senior thesis project in Ceramic Science and
Engineering at Penn State at no personnel cost to the present
~contract. On a previous Air Force contract (Barsch and Spear,

1977), pretiminary cryst*l growth experiments on bismuth
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Fiqure 5

Typical Boule of Lithium Metasilicate Grown on a
Single Domain Lithium Metagermanate Seed Crystal




molybd. - ,roduced very promising results, although crackinqg was
a pro. .m, It is hoped that the new constant diameter control
equipment will provide the level of control needed to produce
larqge, high-quality single crystals of this material. At the
time this report was written, experiments in which the material
was nucleated on a platinum wire had been completed. The bhoules
contained a number of crystals, but sections could he salvaned
for wuse as seeds in subsequent experiments. Without the use of
single <crystal seed crystals, it is virtually impossible to
obtain single crystal boules. Grain boundaries and cracks in the

neck region tend to propagate through the entire boule.

3. Elastic, Thermoelastic, Piezoelectric, Dielectric and
ETectromechanical Properties

3.1 o Berlinite

3.1.1 Dielectric Pronerties

Earlier measurements of the dielectric constant e;3 of the
associated loss tangent for a-berlinite (Rarsch and Spear, 1079)
have been repeated and extended to 1owér frequencies by usina a
fully automated Hewlett Packard Model 4274A multi- frequency LCR
meter., The purpose of these new measurements was to extend the
previous measurements to lower frequencies in order to search for
a maximum of the high temperature rise of the loss tangent and in
order to identify the nature of this 1loss mechanism. In
addition, the aim was to obtain more accurate values for e§3
because the previously reported values were subject to rather
largqe errors because of the small capacitance values of the

berlinite platelet used, which were larqer, bhut comparable to the
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stray capacitance of the open circuit. The new capacitance
bridge used has higher resolution, a laraer frequency ranqe at
low frequencies, and allows measurement of more intermediate
frequencies. Recause of the higher resolution the larger stray
capacitance can be determined more accurately than with the
bridge used previously.

The measurements were mde on an X-cut pltatelet of thickness
1.025 wmm, gqrown at the U.S. Signal Corps Laboratories, Fort
Monmouth, New Jersey, and a Z-cut platelet of thickness 0.0968
mR , grown at the U.S. Maval Weapons Center, China Lake,
California. The measurements were made at eleven freauencies

(1072, 1.2 x 102, 2 x 102, 4 x 10?2, 103, 2 x 103, 4 x 103, 104,

2 x 10%, 4 x 104, 10°

Hz) as a function of temperature from about
-150 to 200°C. A}l data were taken with decreasing temperature.

In Figures 6 to 10 the results for EII’ €§3, tan 61 and tan
63 are shown for five selected freauencies. The data for the
lowest frequencies measured have been omitted because of 1large
scatter resultina from poor instrumental resolution. The
followina major features may be discerned:

(i) Dielectic constant E}l‘ For 1low frequencies 553

increases monotonically with increasing temperature (within the
scatter of the experimental data), but with increasing frequency
two shallow minima at about -100 to -80°C, and at about 110 to
150°C, and a broad maximum at about 70 to 80°C appear. The
temperature at which the low temperature minimum and the maximum
occur are almost independent of frequency, but the high
temperature minimum is shifted to hiaher temperature as the

frequency increases.
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(ii) Dielectric constant 5;3. With the exception of a very
shallow low temperature minimum at high frequencies, 553
increases monotomically with increasing temperature and exhibits
the broadened step-like increase characteristic of a sinqgle
relaxation mechanism.

(iii) Loss Tangent tan 61. The los tangent for 61 shows a

continuous rise with increasing temperature, superimposed on
which are two relaxation peaks of approximately constant heiqght.
The continuously rising part increases with decreasing frequency,
but even at the lowest frequency of 200 Hz no maximum is reached.
Since measurements of the electrical conductivity of this sample
(Section 1.3.3.1.2) suggest that the dielectric loss contribution
arising from the electrical conductivity is much smaller than the
measured 1loss this feature must be attributed to a defect
relaxation mechanism, and a maximum is to be expected at still
lower frequency with decreasing frequency. The two small
relaxation peaks are shifted toward lower temperature, as is to
be expected for a relaxation mechanism.

(iv) Loss Tangent tan 3, Except for the lowest

frequencies, where the data scatter is too large, the 1loss
tangent tan 62 shows a similar continuous increase with
increasing temperature and decreasing frequency as tan 61.
Superimposed on this feature is a relaxation peak with the
typical frequency- temperature shift which correlated with the
step in 5;3 and with the lower of the two relaxation peaks in tan
61.

In Table 1 the room temperature values of the dielectric

constants EII and €;3 are listed as a function of frequency. It
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Table 1. Free relative dielectric constants CII

and e;3 of a-berlinite at 25°C for

ten frequencies

Frequency EII ;§3
102 5.5 5.6

1.2 x 107 5.5 5.5
2 x 102 5.5 5.6
4 x 102 --- 5.6




is apparent that in the frequency range from 102 to 105 Hz EII

decreases by about 10 percent, and that 5;3 remains virtually
constant,.
A Cole-Cole plot of the real imaginary parts of 553 gives

for the relaxation time
= e—Q/kt (1)

0
with ¢ = 1.3 x 10718 sec, 0 = 1.05 ev.

T

Comparison of the above results with those reported before
(Barsch and Spear 1979) shows that the temperature dependence of
553 is very similar, but that the absolute magnitude of the new
value is smaller than those reported before.

The most puzzling feature in the present measurement is the
occurrence of the two shallow minima of EIl and the one shallow
minima of €;3. These minima cannot be explained by the stardard
theory of dielectric properties. There is some evidence that the
low temperature minimum, which is apparent in both e{l and €§3,
could arise from condensation of water (or ice) on the platelet
specimen. In fact, if data are taken with increasing temperature
on samples previously exposed to air the dielectric <constant
meastured initially is too larae and decreases to a limiting value
as the temperature is kept constant, but no such behavior is
observed with decreasina temperature. This behavior could
perhaps be attributed to the surface desorption of water from the
specimen. On the other hand, the hiah temperature minimum of
eIl, which is not present in e§3, and which is observed with the
temperature decreasing, could be related to adsorption of water

and concurrent diffusion into the open channels of the berlinite
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structure. These channels run paralle)l to the c-axis and are
exposed to air in the X-cut specimen, but not in the Z-cut
specimen. Further measurements of the dielectric properties at
elevated temperature in an inert-gas atmosphere are reauired to
settle this question.

3.1.2 Electrical Conductivity

In order to identify the microscopic oriqin of the
dielectric relaxation phenomena observed both in 7Z-cut and X-cut
platelets of a—A]PO4 the electrical resistivity of the specimens
used before for the dielectric measurements was measured with a
Keithley Model 616 Digital Electrometer.

For the 1Z-cut platelet (grown hydrothermally at the Naval
Weapons Center, China Lake, California) a room temperature value

10 Ohm m was obtained from measurements at zero

of o =1.6 x 10
current, and an activation energy of Q = 0.83 eV was determined
from measurements at constant voltaaqe VS, temperature.
Measurements on the X-cut sample (grown hydrothermally at the
U.S. Sianal Corps Engineerina Labs., Fort Monmouth, New Jersey)

gave similar results.,

Calculating the loss tangent from the standard formula

1
tan § = - (2)
pmel
(81 = real part of dielectric constant, w = angular freguency)

gives with the value of p according to (1) for a frequency of 1
MHz a value of tan 6 = 1.8 x 10'9. This value is considerably
smaller than the high temperature backqround measured at 300K and
1 MHz, which is of the order of 5 x 10'4 (Barsch and Spear, 1979;

Fig. 10d). Hence one may conclude that the rise of the
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dielectric loss at high femperature is not caused by the bulk
conductivity of the crystal. This conclusion is substantiated by
the relatively weak temperaure variation of the high temperature
rise of tan & which would correspond to an activation energy much
smaller than that given above. Thus it appears that the high
temperature rise of the dielectric loss may be attributed, as the
relaxation peak(s) observed at Tlower temperature, to defect
relaxation or to the effect of conductina inclusions. This
conjecture should be subjected to further investigation by means
of dielectric loss measurements versus temperature at frequencies
below 1 kHz, which should reveal a maximum of tan & below 230°C.
In order to test the hypothesis that the dielectric
relaxation phenomena observed arise from conducting inclusions
one may use the formulae for the real and imaginary parts of the

dielectric constant, «¢' and ", of a non-dissipative dielectric
medium characterized by a relative dielectric constant ei and e{
= 0, with spherical inclusions of a medium with the electrical

conductivity o (Daniel, 1967):

eiN
€' = & 4 . (3a)
m 1 + (un)2
i,.ll(u’[
R ) (3b)
I + (w1)”
where
2¢l¢
.= 10 (4)
o

(co = vacuum dielectric constant) and
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N = 4.5q. (5)

q denotes the volume fraction of the spherical inclusion.
By applying these equations to the relaxation peak which s
present in both the X-cut and Z-cut crystals one obtains for the

-3

volume fraction of inclusions the value q = 2.3 x 10 and for

3 Ohm m. Both

the resistivity of the inclusions p = 3.0 x 10
values are plausible for growth related inclusions. For the high
temperature contribution to the loss tangent one obtains for the
Z- cut specimen for a volume fraction of inclusions similar to the
above value resistivity values of the same order of magnitude.
Further studies on crystal growth and characterization would be
required 1in order to identify the nature of the inclusions and,

if necessary, to eliminate them in the crystal qrowth process.

3.1.3 Piezoelectric Constants

An ultrasonic AC capacitance dilatometer has recently been
developed 1in this laboratory by Professor L. E. Cross and
collaborators (Uchino and Cross, 1979) and is used to measure the
piezoelectric strain constant d11 on two X-cut samples of o-
berlinite wunder ONR Contract No. NO0O014-78-C-0291. In Table 2
the results are compared with the earlier results obtained from
the analysis of the ultrasonic data (Chang and Barsch, 1976) and
from direct measurement by means of the x-ray method {(Barsch and
Spear, 1979)., It is apparent that within the joint experimental
error and the two values obtained with the AC dilatometer agree
with each other and with the ultrasonically determined value,

The actual values obtained with the dilatometer are, however,

about 20 percent smaller than the ultrasonic value. O0On the other




Table 2. Comparison of piezoelectric strain constant d11
as measured by different technigues

Technique Reference diq (lo'lsz:T)
Ultrasonic Chang and Barsch, 1976 5.3 1.6
X-ray Barsch and Spear, 1979 11.7 ¢ 0.4

3.98 ¢+ 0.057
AC Dilatometer Ychino and Cross, 1979 4,2 t 0.2

aSample previously used for ultrasonic measurements (Chana and
Barsch, 1976}).

bSamp]e previously used for x-ray determination of piezoelectric
constants (Barsch and Spear, 1979).
hand, the x-ray value 1is over two times larger than the
ultrasonic value and almost three times as large as the
dilatometer value. Thus one may tentatively conclude that the x-
ray value 1is subject to a large systematic error of unknown
origin, Perhaps electric field enhancement effects near
inclusions or voids, or space charge effects near the electroded
surface may be responsible for this.

If the smaller dilatometer value of d is accepted as

11
correct one may expect that for «a-berlinite the maximum
electromechanical coupling factor k for bulk waves is roughly 20
percent smaller than previously indicated (Chang and Barsch,
1976}, althouqh still 1larger than for «-quartz. This s
corroborated by the direct measurement of the coupling factor k2

for surface waves, for which a value of only half of the

38




theoretically predicted value, but almost twice as large as for

ST quartz was found (N'Connell and Carr, 1978).

In order to predict the maximum couplina factor for the
temperature compensated directions more accurately, more reliable
values of the piezoelectric strain constant dM and more data on
the effect of crystal imperfections on the piezoelectric and

dielectric constants and the temperature derivatives of these

quantities are required,

3.2 Bismuth Titanate and Lead Bismuth Niohate

Bismuth titanate, Bi4Ti3012 (BT), and lead bismuth niobate,

PbBi, Nb, O (PBN) are both members of a family of bismuth oxide

2729
s . +2 -2
layer compounds of composition (8120?) (Mem-lRm03m+l) , where
Me denotes a mono-, di- or trivalent cation, R = Ga+3, Ti+4, Nh+q

or Ta*S, m=2, 3, 4, 5, in which m perovskite-like layers of

nominal composition MeRr)3 are stacked bhetween Bi202 layers along
a pseudo- tetragonal c-axis. These compounds were first
synthesized and their structure was determined by Aurivillius
(1949 a,b). Ferroelectricity 1in this group of compounds was
discovered by Smolenski, et al. (1959). For PbBi szﬂq it is Me =

2
Pb, R = Nb and m = 2, and ferroelectric Curie temperatures from .

526° to 560°C have been reported for ceramic specimens !

(Smolenski, et al., 1959; Subbaro, 1962). For Bi4Ti3012 it is Me

;j ' = Bi, R Ti, and m = 3, and the Curie temperature lies hetween

643° and 675°C (van Uitert and Egerton, 1961; Suhbbaro, 1961).
3 2

Because of the identical electron configurtions of gi*> and pb?
property differences between the two compounds should result only

from different number of peroskite-like layers {(m = 2?2 and 3,
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respectively). On the whole, one may expect the properties of
PBN to correspond more closely to those of Bi203, and those of BT
to be more perovskite-like. Because of the common Tlayer
structure one may expect the properties of PBN and BT to be
qualitatively similar.

With the exception of BT virtually all property measurements
on this class of compounds were obtained from ceramic polycrystal
specimens, and mostly X-ray studies and dielectric constant
measurements are available (Aurivillius, 1949 a, b; Ismailzade,
1960; Smolenski, et al., 1959; Subbarao, 1962). No elastic or
thermoelastic constant data were availahle for any of these layer
compounds.

The occurrence of ferroelectricity for the members of this
family of compounds 1is mostly inferred from the Curie-Weiss
behaviour of the polycrystal dielectric constant, but for a few
ceramic specimen and for sinagle crystal BT dielectric hysteresis
has also been observed (Subbarao, 1961; Subbarao, 1962; Van
Uitert and Eqgerton, 1961). For PBN (ceramic) no hysteresis
behaviour for electric fields up to 50 kV/cm and for temperatures
from 100 to 250° has been found {(Smolenski, et al., 1059;
Subbarao, 1962), but ceramic PBN could be poled by fields from 20
to 50 kV/cm and temperatures rangina from 200 to 250°C (Suhbarao,
1962). For the poled ceramic PBN a piezoelectric constant of d33

-11

= 1.5 x 10 C/N has been measured (Subbarao, 1962). For PBN

and other memhers of this family of compounds the peak in the

dielectric constant (the maximum observed for PBN was “max

?,100) coincides with a structural phase transformation from
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tetragonal to orthorhombic symmetry (Ismailzade, 1960). Except

for BT the direction of the spontaneous polarization bs is not
known. For BT Ps lies approximately in the perovskite layer,
deviating by an angle of 5° from the a-axis, and has the
components Pa = 50 uC/cm2 and Pc = 4 uC/Cm2 (Cummins and Cross,
1968). For BT a hysteresis in the c-direction has bheen observed
at room temperature with a coercive field of about & kV/cm, hut
no hysteresis was found in the plane perpendicular to ¢ (Van
Uitert and Egerton, 1961). However, BT can be poled in the a-
direction by an elaborate hiah temperature polina technique

(Hopkins and Miller, 1970).

3.2.1 Elastic Constants of Rismuth Titanate

The high temperature paraelectric phace of BT belongs to the
tetragonal space qroup I14/mmm (CZV). At room temperature x-ray
and neutron diffraction data are consistent with a polar
orthorhombic structure of space qgroup R2cD (CIZV) with lattice
parameters of a = 5.448% and ¢ = 32.83" (Dorrian, et al., 1971).
There are four formula units per unit cell. The structure
consists of Bizozl layers which alternate with perovskite-like
BizTiSOIO layers (Aurivillius, 1950). From measurements of the
optical indicatrix as a function of temperature the actual
crystal symmetry may be established to be monoclinic (Cummins and
Cross, 1968), but the structural deviations from orthorhombic
symmetry are so small that they do not show up in X-ray or
neutron diffraction masurements (Dorrian, et al., 1971).

There are over 50 ferroelectric compounds known which helong

to the bismuth titanate family (Newnham, et al., 1971). Only

dielectric and optical data, but no elastic and piezoelectric
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constant data are available so far. In order to examine the
suitability of Riari03 as a substrate for temperature compensated
SAW  devices we have bhequn measurements of the elastic constants
of this material as a function of temperature. A sinale crystal
platelet of linear dimensions of about 5x4x0.75 mm3 was used for
this purpose. The crystal had been qrown by S. E. Cummins,
Wriaht-Patterson Air Force Base, O0Ohio, by means of a flux method
(Pulvari, 1964) and was of brown color and ontically translucent.
Mo attempts to nole the crystal have heen made. The transit time
of a shear wave propaqatina in the c-direction (the bplatelet
normal), polarized in a direction 45° from the a-or bh-axis. has
heen measured by means of the ultrasonic pulse echo method from
10K to 315K. Recause of the near-tetragonality of the crystal
structure the results for polarization in the a- or b-direction
are expected to be very simitar. In Fiqure 11 the transit time
for this mode is plotted versus temnerature. It exhihits the
usual positive slope, impliying a negative temperature coefficient
of the averaqge elastic shear modulus (c44 + c55)/2. In order to
estahlish the suitability of BT for temperature compensated SAW
devices the remaining elastic constants must be determined as a
function of temperature. Since the availahle sinale crystals are
all in the form of thin platelets the resonance techniaue has to
be used for this purpose. Recause of the time-consumina sample
preparation this work was not pursued under the present contract.

3.2.2 __Elastic and Diel

ectric_Constants of Lead Bismuth Niobate

1

As a result of the crystal aqrowth efforts under the present

contract, PBN is the only member of the entire family of bismuth
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laver compounds for which single crystal boules with centimeter
dimensions alonaq all three crystalloaraphic axes have become
available. However, PBN exhibits easy cleavage of the (001)
ntanes and the cuttina, orienting and polishina of the crystals
turned out to be extraordinarily difficult and time consuming if
cleavage was to bhe avoided. Especially detrimental was the
propensity of thin c-cut platelets to flake near edages and
corners of their flat a-cut surfaces, thereby nullifying the
cumbersome sample preparation effort, often in its final staqe.
Whereas c¢-cut platelets could be cut and polished more easily it
was only after several months of effort that (as yvet unpolished)
a-cut platelets have bheen obhtained. This was achieved by
surroundina the oriented and glass-mounted sample in DUCO cement
prior to cutting and wusing cutting rates of 1less than one
millimeter per day with a vibration free wiresaw (diameter of
strina 0.010 inch). We have started to wuse HYSOL-cement,
previouslvy successfully wused by Cummins and Cross (1968) and
expect that, because of its areater riqidity it will oprovide
still better protection of the sample than DUCO-cement. At the
time of the expiration of the bresent contract (6/30/80) the
(100) faces of the a-cut samples had not vyet been polished.
Nielectric constant measurements were possible with these
unpolished samples, but ultrasonic velocity measurements with the
pulse superposition method could not be made for lack of aood
echos.

A c-cut platelet of unpoled PBN of thickness 2.591 mm was
nrepared for the elastic constant measurements. The transit time

of the longitudinal and of the two transverse acoustic waves
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propaqating in the c-direction were measured as a funtion of

temperature from ahout 0°C to about 50° to 9N°C hy means of the
ultrasonic pulse superposition method. In Fiaqures 12, 13a and
obtained from these

13b the elastic constants c¢ and ¢

33° 55 66
data are plotted versus temperature. A1l three moduli are seen
to have the usual negative slope. The data for the two shear
moduli are virtually identical. Althouah these results will be
somewhat different for poled specimens, no drastic chanaes,
especially no positive temperature coefficient for any of these
three moduli is to he expected. 0f course, for assessing the
existence of temperature compensated directions the remainina six
elastic constants and the set of piezoelectric constants must he

known versus temperature.

Dielectric measurements were made on a (polished) c¢-cut

platelet of thickness 0.391 mm and on an (unpolished) a-cut

platelet of thickness 0.4818 mm. For the c-cut sample no
hysteresis was found at room temperature with a Sawyer and Tower
circuit in electric fields up to 25 kV/cm. Also no responsc with

a -meter was obtained, indicating that the piezoelectric

d33
constant d33 < 10'12C/N. The results may he interpreted so as to
indicate that PBN, unlike BT, has no component of the spontaneous
polarization along the c-axis, or, alternatively, but Jless
l1ikely, that at R.T. the coercive field EC > 25 kV/cm. Further
dielectric studies at higher fields and/or elevated temperature

are vrequired to settle this question. for the a-cut platelet a

weak hysteresis loop was observed at room temperature 1in an
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electric field of 16.6 kV/cm. As shown in Fiqure 14 at elevated

temperatures the loop widens. While the shape of the loop and

its temperature dependence seem to suggest the presence of a
conductivity loss mechanism contributions from a ferroelectric
hysteresis cannot be ruled out.

The dielectric constant and the l1oss tangent have been
measured for the (unpoled) a-cut sample at 103, 104, 105 and ln6
Hz from room temperature to 200°C. The results for 1 kHz and 1

MHz are shown in Fiaure 15a and 15b and indicate that in the

temperature ranage to 200°C the dielectric c¢onstant c: almost

doubles from the room temperature value of 210 to 2?60, The loss i

tanaent rises more siowly. The absolute maanitude of uz at R.T. (

- A

is consistent with the polycrystal results of Subbaro (196?) who

obtained a value of + = 170 at 25 K. However, the rise in

R e

L Vi

temperature of L; is much more rapid than for the polycrystal |
sample, where the doubling of ¢ occurs over a temperature

interval of 400 K. The relatively fast rise of rl

is consistent
with the occurrence of a maximum of ¢ = 2,100 in the polycrystal,
which naturally has been attributed to the ferroelectric '
transition. Althouah Subbarao (1962) concludes that the
spontaneous polarization is in the c-direction the above results
on PBN and the structural similarity with BT suqaest that the
main component of PS is perpendicular to this direction. More !

experimental effort would be required to fully characterize all ) :

pertinent properties of PRN.
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Figure 14. Dielectric hysteresis of a-cut PBN at 10Hz.
(a) 24.5°C; (b) 86.6°C; (c) 192.5°C.
Horizontal scale corresponds to 200 V/division,
vertical scale to 50 V/division.
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4., Conclusions

The results obtained under the present <contract indicate
that temperature compensated performance and 1large electro-
mechanical coupling factors in ultrasonic bulk and surface wave
devices are not mutually exclusive, and that the performance
characteristics of presently used acoustic wave devices are not
vet optimized with respect to the choice of the best possible
material. The results indicate further that the approach used in
our systematic search for new temperature compensated
piezoelectric materials with larqger piezoelectric coupling than
a-quartz has been very successful. This approach led to the
identification of «-berlinite and lead potassium niobate as
superior substitutes for a-quartz and consisted of the followinag
four steps:

{1) Selection of promising candidate materials on the basis
of heuristic criteria,

{(2) Growth of single crystal specimen sufficiently larqe for
physical property measurements,

{3) Measurement of the complete set of the elastic,
piezoelectric, dielectric and thermoelastic constants,

(4) Computer calculations to determine the temperature
compensated directions and their associated coupling factos for
bulk and surface acoustic waves.

It is to be expected that throuah a continued systematic

search new materials with still better properties could be found.
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5. _ Recommendations

Since u-berlinite and lead potassium niobate have been found
to be superior to a-quartz for bulk and surface wave applications
it would be appropriate to continue work on both materials 1in
order to optimize their properties. This would 1involve a
systematic study and better control of the <crystal growth
parameters required for production of high-quality crystals, and
further investigations on the effect of crystal imperfections and
chemical composition on the properties and performance.

In addition, it appears promising to continue the systematic
search for new temperature compensated materials on the basis of
the approach used previously, which could lead to the discovery
of other materials with still better properties. Specifically,
it is recommended to continue <crystal arowth efforts for
subsequent properties measurements on LiZSi03, BiZMOOG, and

Bi?Moﬂﬁ-R12N06 solutions in addition to lead potassium niobate.
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